The vertebrate immune response comprises multiple molecular and cellular components that interface to provide defense against pathogens. Because of the dynamic complexity of the immune system and its interdependent innate and adaptive functionality, an understanding of the whole-organism response to pathogen exposure remains unresolved. Zebrafish larvae provide a unique model for overcoming this obstacle, because larvae are protected against pathogens while lacking a functional adaptive immune system during the first few weeks of life. Zebrafish larvae were exposed to immune agonists for various lengths of time, and a microarray transcriptome analysis was executed. This strategy identified known immune response genes, as well as genes with unknown immune function, including the E3 ubiquitin ligase tripartite motif-9 (Trim9). Although trim9 expression was originally described as "brain specific," its expression has been reported in stimulated human Mfs. In this study, we found elevated levels of trim9 transcripts in vivo in zebrafish Mfs after immune stimulation. Trim9 has been implicated in axonal migration, and we therefore investigated the impact of Trim9 disruption on Mf motility and found that Mf chemotaxis and cellular architecture are subsequently impaired in vivo. These results demonstrate that Trim9 mediates cellular movement and migration in Mfs as well as neurons.
Introduction
The innate immune system is capable of mounting a rapid and potent inflammatory response that is critical as a first line of defense against invading pathogens. Innate immune responses are induced when pathogens are sensed by a variety of cellular PRRs, among which the TLRs are the best characterized. TLRs bind diverse PAMPs, which trigger intracellular signaling cascades that activate NF-kB and IRFs. These transcription factors alter the expression of a wide array of genes that mediate intraand intercellular responses to enable the recruitment and activation of innate immune effector leukocytes to sites of infection or inflammation. Among leukocytes, Mfs and neutrophils play a key role in innate immune responses through their ability to phagocytose and kill microorganisms. In addition, Mfs act as important coordinators of the immune response through production of proinflammatory cytokines and antigen presentation to lymphocytes [1, 2] . Although innate immune responses are critical for host defense, excessive leukocyte activation and recruitment can lead to tissue damage and compromise organ function [3, 4] . Identifying innate immune response genes and defining the regulatory networks that control Mf and neutrophil activity will inform new therapeutic strategies for modulating inflammation. Because an effective innate immune response requires the coordination of multiple tissues and cell types, it is ideal to study this response in the context of the whole organism.
The zebrafish (Danio rerio) is a model used increasingly for studying vertebrate immune responses because of their small size, high fecundity, short generation time, and reference genome. The zebrafish immune system shares many conserved features with mammalian immune systems [5] [6] [7] [8] . By 72 h post fertilization (hpf), zebrafish express critical innate immune components, such as TLRs [9] , and possess fully functional neutrophils [10] [11] [12] and Mfs [13, 14] . The ex utero development of zebrafish larvae allows easy access to the whole organism during this window of time, which is weeks before development of a functional adaptive immune response [15] . This facilitates the investigation of innate immune responses on the wholeorganism level.
Although several groups have used transcriptome analysis to investigate the immune response in larval zebrafish, these studies have focused on the response to specific bacterial or viral pathogens and/or known immune-related genes (e.g., Ref. 16 ). To identify novel innate immune response genes, we defined the whole-organism transcriptional response of larval zebrafish exposed to two different PAMPs: PolyIC, agonist of the viral PAMP sensor TLR3 [17] [18] [19] , and Pam3CSK4, which is an agonist of the bacterial PAMP sensor TLR2 [20, 21] . We identified a list of common larval innate immune response genes that have orthologous genes in human. One candidate innate immune response gene, trim9, was chosen for further analysis.
Trim9 is a member of the large tripartite motif protein family defined by the presence of three N-terminal protein motifs: RING domain, B-box domains, and a coiled-coil region. The RING domain imparts E3 ubiquitin ligase activity [22] . Trim9 is abundantly expressed in neurons of the cerebral cortex and was originally considered to be "brain specific" [23] [24] [25] . A survey of TRIM genes expression revealed that TRIM9 transcript levels increase in human primary Mfs after stimulation with immune complex [26] . In this study, trim9 transcript levels increased in zebrafish Mfs in vivo and in human Mf-like cells in vitro after immune stimulation with TLR ligands. Further, we found a potential role for Trim9 in regulating Mf motility and cellular architecture in vivo in zebrafish. These results highlight the zebrafish as a comparative immunology tool and identify Trim9 as a novel intracellular mediator in Mfs via its ubiquitin ligase activity.
MATERIALS AND METHODS

Zebrafish
Adult zebrafish were maintained in a recirculating aquarium facility (Aquatic Habitats, Apopka, FL, USA) at 28°C with a 10 h light-14 h dark cycle and fed a commercial grade zebrafish diet. Wild-type zebrafish were obtained from EkkWill Waterlife Resources (Ruskin, FL, USA). Transgenic zebrafish lines Tg (mpeg1.1:mCherry) and Tg (mpeg1.1:EGFP) [13] were kind gifts from Graham Lieschke (Monash University, Melbourne, VIC, Australia) and David Traver (University of California at San Diego, La Jolla, CA, USA). Zebrafish embryos were obtained by natural spawning and maintained at 28°C in egg water (0.5 mg/L methylene blue and 60 mg/L aquarium salt mixture). Larvae were euthanized in 0.02% tricaine methanesulfonate (Finquel MS-222; Argent Chemical, Redmond, WA, USA). Zebrafish husbandry and experiments involving live animals were approved by the North Carolina State University Institutional Animal Care and Use Committee.
Immune agonist exposure and RNA isolation
Before microarray analyses, zebrafish larvae (72 hpf) were exposed to 1-5 mg/ml Pam3CSK4 or 5-50 mg/ml PolyIC (both from InvivoGen, San Diego, CA, USA) for 24 and 36 h, and their phenotypes observed, and the transcriptional response of the IL1B (il1b) and the myxovirus (influenza) resistance A (mxa) genes assessed by quantitative (q)PCR. The concentrations of agonists selected for microarray analyses induced increased transcript levels of the il1b gene (5 mg/ml Pam3CSK4) or the mxa gene (10 mg/ml PolyIC), while yielding no overt phenotype or detectable microscopic damage (as assessed by a board certified veterinary pathologist).
For microarray analyses, 72 hpf wild-type zebrafish larvae were exposed to 10 mg/ml PolyIC, 5 mg/ml Pam3CSK4, or no agonist (negative control) by immersion for 4, 8, 12, 24, or 36 h. Exposures were executed in 24-well plates with 10 larvae per well in a volume of 2.0 ml. Each treatment group and time point for microarray analyses included RNA pooled from 30 larvae (3 wells) and 4 biologic replicates using different clutches of embryos. RNA was isolated from euthanized larvae using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) and further purified by RNeasy MinElute Cleanup (Qiagen, Germantown, MD, USA). RNA quantity and quality was verified with a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
Microarrays
Microarray slides were custom designed 4 3 44 K zebrafish arrays (Agilent Technologies) as described [16] and included 43,371 probes (GEO Accession GPL7735). RNA was labeled (Cy3) and hybridized to arrays using standard methods (Cogenics, Research Triangle Park, NC, USA). Image analyses and the calculations of spot intensities were performed with Feature Extraction software, version 8.5 (Agilent Technologies).
An initial quality assessment of the raw microarray data was conducted and control spots, outliers, and spots with low average intensity were removed. To reduce the effect of inhomogeneous background hybridization across arrays, the background-correction method normexp was applied [27] . This modelbased approach uses Agilent's background estimates to compute positive, corrected hybridization intensities. Normexp was implemented in the Bioconductor (http://www.bioconductor.org) package limma [28] . Quantile normalization between arrays was implemented (in limma), to reduce technical variation. Finally, hybridization intensities were log 2 transformed and averaged for all replicate spots on the array.
The effect of immune agonist exposure on larval transcript levels was investigated by analyzing array data with a linear model with 2 factors: 1) agonist treatment (Pam3CSK4, PolyIC, and control) and 2) time after exposure (4, 8, 12, 24 , and 36 hpe). To accommodate for the dissimilarity between biologic replicates, treatment and control samples of each replicate were paired. Using the preprocessed hybridization intensities, changes in transcript levels between each treatment and control group for each time point were computed via an empirical Bayes moderated paired t test [29] using the Bioconductor package limma. Candidate genes for differential expression with a P , 0.05 were selected. To account for multiple testing, the false-discovery rate of the extracted candidate gene list was computed from the P-value distribution of the corresponding genes using the Bioconductor package q value [30] .
To visualize expression patterns using heat maps, the log-transformed average expression of the agonist-treated samples were subtracted from the untreated control samples at each time point. Hierarchical cluster analyses of gene expression was used to group genes with similar expression patterns using Gene Cluster 3.0 [31] , and heat maps were generated with Java Treeview [32] . Gene pathway and network analyses were conducted with Ingenuity Pathway Analysis (Qiagen).
Array data from this study have been deposited in the NCBI-GEO database [accession no. GSE81317].
Isolation of zebrafish Mfs
Zebrafish Mfs were isolated from Tg (mpeg1.1:EGFP) transgenic zebrafish, in which the promoter from the mpeg1.1 (Mf expressed 1, tandem duplicate 1) gene drives Mf-specific expression of EGFP [13] . At 120 hpf, groups of 75-100 Tg (mpeg1.1:EGFP) larvae were exposed by immersion to 10 mg/ml PolyIC, 5 mg/ml Pam3CSK4, or no agonist for 8 or 12 h. After exposure, larvae pooled by treatment group were disaggregated into single-cell suspensions, as previously described [33] and sorted for EGFP-positive Mfs using a Dako Cytomation 
Cell culture
Human promonocytic U-937 cells (CRL-1593.2; American Type Culture Collection, Manassas, VA, USA) were cultured in RPMI-1640 medium (Corning, Manassas, VA, USA) supplemented with 10% FBS (Atlanta Biologicals, Flowery Branch, GA, USA). Differentiation was induced by 50 ng/ml PMA (Millipore-Sigma, Billerica, MA USA) stimulation for 24 h. Differentiated cells were rested for 6 d then stimulated with 0.1 mg/ml Pam3CSK4, 10 mg/ml PolyIC, or 0.1 mg/ml ultrapure LPS from E. coli 0111:B4 (InvivoGen). At 4, 8, and 12 hpe, cells were lysed and RNA isolated using TRIzol reagent.
Quantification of trim9 transcript levels cDNA was synthesized using Superscript III First Strand cDNA Synthesis kit (Thermo Fisher Scientific). qPCR was performed with Taqman Universal PCR Master Mix II and Taqman Gene Expression assays for zebrafish trim9 (Dr03081570_m1) and ef1a (Dr03432748_m1) and human TRIM9 (Hs00364838_m1) and ACTB (Hs01060665_g1) (Thermo Fisher Scientific). Fold changes in transcript levels were calculated using the 2 2ΔΔCt method [34] .
Construction of zebrafish transgenes
The mpeg1.1 promoter was amplified from an mpeg1.1:mCherry plasmid provided by Graham Lieschke [13] . Full-length and partial [RING-deleted (DRING)] trim9 sequences were amplified from a zebrafish trim9 cDNA clone (ATCC 10330554; IMAGE clone ID 6968453). Teschovirus 2A peptide and EGFP were amplified from a p3E-2A-EGFPpA plasmid provided by Kristen Kwan. The pDestTol2pA2 vector and pCS2FA-transposase were obtained in the Tol2kit [35] and from Koichi Kawakami. pDestTol2pA2 was restriction digested with XhoI and ClaI (Thermo Fisher Scientific). Amplicons were cloned into the linearized pDestTol2pA2 vector using Gibson Assembly Master Mix (New England BioLabs, Ipswich, MA, USA) according to manufacturer instructions. All transgene constructs were verified by sequencing. Tol2 transposase mRNA was reverse transcribed from the pCS2FA-transposase plasmid with the Ambion mMessage mMachine SP6 kit (Thermo Fisher Scientific).
In vivo chemotaxis assay
Double transgenic zebrafish were generated on the Tg (mpeg1.1:mCherry) background in which the mpeg1.1 promoter drives Mf-specific expression of mCherry [13] . Tg (mpeg1.1:mCherry) embryos were injected with 50 pg of the Tg (mpeg1.1:trim9,EGFP), Tg (mpeg1.1:ΔRINGtrim9,EGFP) or Tg (mpeg1.1:EGFP) transgene plasmid (see Fig. 3 ) and 50 pg of Tol2 transposase mRNA at the single cell stage to generate mosaic GFP transgenic larvae on the stable mCherry background. At 72 hpf, larvae were anesthetized in 0.016% tricaine dissolved in egg water and microinjected into the left otic vesicle with a 1.0 nl volume of PBS containing either 100 pg PolyIC or 50 pg Pam3CSK4. Injected larvae were recovered in fresh egg water at 28°C. At 2 h after injection, the larvae were reanesthetized and mounted in 1% low-melting-point agarose.
Stacked fluorescence images of the left otic vesicle and a 250 mm segment of the tail just caudal to the urogenital opening were acquired with a laser scanning confocal microscope (AZ-C2+; Nikon Instruments, Melville, NY, USA). Within the otic vesicle and tail, Mfs expressing mCherry or mCherry with EGFP were counted by using NIS-Elements AR 4.11 (Nikon). The percentage of Mfs expressing EGFP was determined in the otic vesicle and tail and then compared, to obtain a migration index:
Migration index ¼ % of macrophages in otic vesicle expressing EGFP % of macrophages in tail expressing EGFP Outlines and circularity indices for individual Mfs in vivo in unstimulated mosaic transgenic zebrafish larvae were obtained with the NIS-Elements AR 4.11 software.
Time-lapse microscopy
For time-lapse images, 72 hpf mosaic transgenic larvae were anesthetized and injected into the otic vesicle, as described above, and mounted in 1% lowmelting-point agarose. Fluorescent images were taken every 30 s for 2 h on a Lightsheet Z.1 microscope (Zeiss, Jena, Germany) with s-CMOS PCO.edge cameras (PCO, AG, Kelheim, Germany) and processed with ZEN black-imaging software (Zeiss). Cell tracking was performed with ImageJ and the MTrackJ plugin [36] . Migration tracks for cells visible for the full 2 h of imaging were plotted by the Ibidi Chemotaxis and Migration Tool plug-in for Image J (https://ibidi. com/manual-image-analysis/171-chemotaxis-and-migration-tool.html). Online supplemental material 
Statistical analyses
RESULTS
Array results
To identify genes that are transcriptionally responsive to immune stimuli in vivo, zebrafish larvae were independently exposed to two chemically distinct immune agonists Pam3CSK4 and PolyIC. At 4, 8, 12, 24, or 36 hpe RNA was isolated from pooled larvae and subjected to microarray analyses (Fig. 1A) . This strategy identified 574 and 1035 genes that were differentially expressed (as compared to control) at one or more time points after exposure to 5 mg/ml Pam3CSK4 or 10 mg/ml PolyIC, respectively ( Fig. 1B and C; dataset 1 ). Hierarchal clustering of these genes reveals that more than 50% displayed altered transcript levels at 8 and 12 hpe (Fig. 1D) . Smaller groups of genes were observed to have increased transcript levels at either early (4 hpe) or late (24 or 36 hpe) time points. One group of genes displayed increased transcript levels at early (4 hpe) and late (24 or 36 hpe, or both) time points (Fig. 1D) . Twenty-seven genes were observed to have increased transcript levels at multiple time points after exposure to PolyIC (as compared to Pam3CSK4 exposure, Supplemental Fig. S1A ) and 4 genes were identified with increased transcript levels at 12 hpe for Pam3CSK4 (as compared to PolyIC exposure, Supplemental Fig. S1B ). An interrogation of this complete gene list revealed that 8 members of the canonical CXCR4 pathway were increased significantly, representing an activation of this pathway (Supplemental Figs. S1C and S2A). The top gene network identified from this gene list is the inflammatory (NF-kB) network, confirming that exposure of zebrafish larvae to the selected concentrations of Pam3CSK4 and PolyIC activates immune signaling pathways (Supplemental Figs. S1D and S2B). To identify genes that could be considered common immune response genes, we restricted the gene list to sequences that displayed significant changes in transcript levels for both immune agonists and represented defined zebrafish genes. Of the 230 zebrafish sequences that responded to both agonists (dataset 2), 121 represent defined genes including known immune response genes, (e.g., mmp9, mmp13a, c3a.1, and il17d), as well as genes with no defined immune function such as trim9 (Fig. 1E) .
Trim9 transcript levels increase after immune stimulation TRIM9 is highly conserved across vertebrate species (Supplemental Fig. S3 ) and plays a significant role in axonal migration [37] [38] [39] [40] . Therefore, we hypothesized that Trim9 also plays a role in the motility of immune cells in zebrafish larvae. Results from qPCR confirmed the increase in trim9 transcript levels in larval zebrafish after 8 h exposure to Pam3CSK4 or PolyIC ( Fig. 2A) . Because Mfs are one of the major innate immune effector cells active in the larval zebrafish [5, 14] , we sought to determine whether trim9 transcripts are expressed in and respond to immune stimulation within these cells. EGFP-expressing Mfs were isolated by cell sorting (;95% pure; Supplemental Fig. S4 ) from Tg (mpeg1.1:EGFP) [13] transgenic larvae, after 8 or 12 h of exposure of the whole larvae to Pam3CSK4 or PolyIC. In Mfs, trim9 transcript levels increased significantly after exposure to PolyIC at 8 and 12 hpe and after exposure to Pam3CSK4 at 12 hpe (Fig. 2B) . The relative increase in trim9 transcripts in Mfs, which constitute a very small percentage of larval cells (Supplemental Fig. S6A ), cannot account for the relative increase in trim9 on the whole animal level (compare Fig. 2A and  B) . It is possible that PAMP exposure increases trim9 expression in other larval immune cells (e.g., neutrophils) and/or in TLRexpressing non-immune cells (e.g., epithelial cells).
It has been demonstrated that TRIM9 transcript levels increase in primary human Mfs after stimulation with immune complex [26] . To determine whether a similar transcriptional response occurs after PAMP exposure, we exposed Mf-like cells derived from the human U937 monocytic cell line [41] to both agonists used in the zebrafish, as well as LPS a TLR4 agonist [42] . We detected significant increases in TRIM9 transcript levels in response to Pam3CSK4 and LPS to a similar extent and in a similar time frame as seen in the larval zebrafish Mfs (Fig. 2C) . In contrast to the zebrafish, no transcriptional response was detected for PolyIC in the U937 Mf-like cells. These results suggest that multiple immune stimulation pathways increase TRIM9 transcript levels in Mfs of zebrafish and humans, indicating the potential for a conserved TRIM9 function in activated Mfs.
Disruption of Trim9 function results in defective Mf chemotaxis
In neurons, TRIM9 is necessary for axon branching and attraction in response to the chemoattractant Netrin-1/UNC-6 [37] [38] [39] [40] . Functional TRIM9 studies have been executed in Caenorhabditis elegans and in cultured mouse cortical neurons by expression of a truncated TRIM9 that lacks the RING domain necessary for ubiquitin ligase activity (ΔRINGTrim9). In these systems, ΔRINGTrim9 acts in a dominant negative manner and abolishes axon migration toward Netrin [38, 40] . During an inflammatory response, leukocytes migrate along chemoattractant gradients to reach sites of inflammation or infection. Therefore, we hypothesized that Trim9 mediates chemotaxis in Mfs. To test this hypothesis, we designed a transgenic approach to disrupt Trim9 function in zebrafish Mfs in vivo by using the Mf-specific mpeg1.1 gene promoter [13] to drive expression of zebrafish ΔRINGTrim9 (Fig. 3A) . A targeted transgenic strategy was used, rather than a global knockdown or knockout strategy, to avoid any adverse effects of globally disrupting Trim9 function. A teschovirus 2A peptide sequence [43] was incorporated into the transgenes to allow for coexpression of EGFP. Transgenes were introduced into Tg (mpeg1.1:mCherry) embryos to yield mosaic transgenic fish, in which all Mfs express mCherry and a subset coexpress EGFP, indicating expression of the experimental transgene. To assess Mf chemotaxis in vivo, mosaic transgenic zebrafish larvae were injected into the otic vesicle at 72 hpf with either Pam3CSK4 or PolyIC, and Mf migration into the otic vesicle was quantified by using fluorescence microscopy. We found that Mfs expressing ΔRINGTrim9 had a significant reduction in migration to the injected otic vesicle relative to Mfs expressing full-length Trim9, or EGFP alone, regardless of the inciting agonist ( Fig. 3B and C and dataset 3) . These results indicate that loss of Trim9 function negatively impacts Mf chemotaxis.
Disruption of Trim9 alters Mf morphology and motility
Imaging of individual transgenic Mfs in vivo revealed a stark contrast in morphology induced by ΔRINGTrim9 expression. Migrating Mfs extend cellular protrusions called pseudopods formed by polymerization of actin filaments that push the cell membrane forward [44] . Whereas Mfs expressing the control (EGFP) or full-length Trim9 transgenes were typically elongated to a stellate form because of the formation of multiple pseudopod extensions, Mfs expressing ΔRINGTrim9 were significantly more circular with smooth cell contours ( Fig. 4A and  C) . The effect of DRINGTrim9 on Mf shape appeared to be cell autonomous, in that Mfs in larvae injected with Tg (mpeg1.1:DRINGTrim9,EGFP), but not expressing DRINGTrim9 (e.g., EGFP-negative), were similar in shape to control Mfs (Fig. 4B  and C) .
Time lapse microscopy was used to visualize the migration of transgenic Mfs in vivo. In accordance with our migration assay data, Mfs expressing ΔRINGTrim9 show significant reductions in velocity and travel limited distances over the 2 h imaging period compared to Mfs expressing the control or full-length Trim9 transgenes (Fig. 5) . The small migration index observed for Mfs expressing ΔRINGTrim9 after otic vesicle PAMP injection was likely related to the presence of these Mfs in the otic vesicle at the start of the assay and not the chemotaxis during the assay (Supplemental Fig. S5 ). Further, although Mfs expressing the control or full-length Trim9 transgenes exhibited highly dynamic pseudopod extension and retraction over the course of imaging (Supplemental Videos 1 and 2), Mfs expressing ΔRINGTrim9 generally lacked pseudopod extensions, or occasionally exhibited short, thin cytoplasmic extensions (Supplemental Video 3). To ensure that the expression of ΔRINGTrim9 was not having a deleterious effect on the number and survival of Mfs, we used flow cytometry to compare the number of total Mfs and transgene-expressing Mfs for the 3 different transgenes. When comparing Tg (mpeg1.1:mCherry) larvae transiently expressing Tg Fig. S6A and B) . In addition, no significant difference was observed between the percentage of preapoptotic or necrotic Mfs when comparing larvae expressing these transient transgenes (Supplemental Fig. S6C and D) . Taken together, these data suggest that Trim9 ubiquitin ligase function is necessary for proper Mf pseudopod formation and motility. 
DISCUSSION
Gene expression studies combining zebrafish embryo infection models with transcriptome analyses have been successfully used to identify genes that are transcriptionally responsive to immune stimuli (e.g., Ref. 16) and have demonstrated the utility of the zebrafish model for identifying known immune response genes that are conserved in humans [6] . By assessing transcriptional changes in zebrafish larvae after exposure to chemically distinct immune agonists, we also have identified known immune response genes including those involved in the CXCR4 signaling pathway and in the inflammatory (NF-kB) network. An important goal of our study was to identify genes with an undefined role in immunity and that are well conserved in humans. To that end we chose to investigate Trim9, which is highly conserved between zebrafish and humans but at the time of our transcriptional analysis had no described immune function. Recently, dual roles for Trim9 in regulating NF-kB and IRF3 activation have been identified. NF-kB and IRF3 activate transcription of proinflammatory genes and IFNs, respectively, downstream of PRRs and other immune receptors. TRIM9 negatively regulates NF-kB activation [45] , but positively regulates IRF3 activation [46] . This provides additional validation of Trim9 as an innate immune mediator and of our zebrafish screen as a tool for identifying relevant immune response genes.
TRIM9 transcript levels increase in Mfs after stimulation with agonists for TLR2 (Pam3CSK4), TLR3 (PolyIC), and TLR4 (LPS). Although these results demonstrate for the first time a TRIM9 transcriptional response to PRR stimulation in vivo and in Mfs, the response of trim9 may depend on the immune agonist, as well as the dosing method and duration of exposure. For example, we observed increased trim9 transcript levels in zebrafish larvae that were immersed in 5 mg/ml Pam3CSK4 at 72 hpf and assessed 8 and 12 h later, whereas, trim9 was not identified as being transcriptionally responsive to Pam3CSK4 exposure in zebrafish embryos that were injected with 1.0 ng Pam3CSK4 at 27 hpf and assessed 1, 3, and 6 h later [47] . Nevertheless, the transcriptional response of TRIM9 to Pam3CSK4 was similar between zebrafish larval Mfs and a human Mf-like cell line. LPS was not tested in the zebrafish as they are highly tolerant to LPS [48] . PolyIC failed to induce a TRIM9 transcriptional response in human cells. This finding could represent a species difference in TRIM9 regulation, or reflect differences in whole organism vs. cell-direct stimulation. A common transcription factor activated by each of these receptors is NF-kB [17, 20, 42] . The timing of the TRIM9 transcriptional response at 8-12 h after stimulation is consistent with late-phase NF-kBactivated genes [49] . This late phase is likely related to a second wave of NF-kB activation induced by early immune response genes. This could account for the TRIM9 transcriptional response in Mfs even when agonists were not applied directly, as in the larval zebrafish. Given that TRIM9 negatively regulates NF-kB activation [45] , upregulation of TRIM9 downstream of NF-kB could serve as a negative feedback mechanism for regulating inflammatory signals.
Our data demonstrate that in addition to regulating innate immune signaling pathways, Trim9 mediates cellular architectural dynamics and motility in Mfs. In invertebrate models and in mice, TRIM9 mediates axon migration toward the chemoattractant Netrin-1/UNC-6 [37] [38] [39] [40] . Neurons expressing DRINGTRIM9 fail to extend axon branches along a Netrin-1 gradient, but otherwise respond normally to other chemoattractant signals [37, 40] . In contrast to neurons, Mfs expressing DRINGTrim9 showed abnormal cell morphology with a lack of cell protrusions with or without immune stimulation. Further, they showed significant reductions in migration velocity, resulting in failure to migrate to an inflammatory site regardless of the inciting agonist. These findings suggest that Trim9 plays a broader role in cell motility in Mfs, rather than mediating chemotaxis toward a specific chemoattractant, as in neurons. TRIM9 in neurons directly interacts with the DCC netrin-1 receptor to mediate netrin-1 signaling [40] . In human peripheral blood leukocytes, DCC is not detectable by immunohistochemistry or qPCR [50] , suggesting that TRIM9 has an alternative means of regulation and, therefore, of function in leukocytes. including those displayed in (B). Mfs that are mCherry-positive and EGFP-positive were analyzed from Tg (mpeg1.1:EGFP), Tg (mpeg1.1:Trim9,EGFP) and Tg (mpeg1.1:ΔRINGTrim9,EGFP) mosaic larvae including those displayed in (A). Scale: 0-1, where 1 indicates a perfect circle. Data are presented as boxand-whisker plots (n = 17). *P , 0.05.
Defining the mechanism by which TRIM9 affects Mf motility requires further experiments; however, published reports suggest that TRIM9 modulates cytoskeletal dynamics. TRIM9 contains a C-terminal subgroup one signature (COS) box that mediates microtubule binding [51] . To date, the role of microtubule binding in TRIM9 function remains unknown. In neurons, TRIM9 mediates axon migration through interactions with VASP [52] . VASP functions to lengthen actin polymers [53] and localizes to the tips of actin-rich protrusions called filopodia at the leading edge of migrating axons [40] . Ubiquitination of VASP by TRIM9 limits VASP mobility to filopodia tips [52] . DRINGTRIM9 expressed in neurons showed prominent colocalization with VASP, an interaction that was otherwise transient, suggesting that DRINGTRIM9 binds and holds VASP, potentially preventing VASP function. VASP is expressed in Mfs and mediates cytoskeletal changes required for Mf phagocytosis [54] , making it a strong candidate for partnering with TRIM9 in regulating Mf motility. VASP has been shown to mediate chemoattractant-specific chemotaxis in neutrophils [55] . Whether TRIM9 is necessary for neutrophil migration is an important question to address in future experiments. This work identified TRIM9 as a novel mediator in Mf function and broadened the potential role of TRIM9 in mediating motility in cells outside of the nervous system. 
